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Executive Summary
Traditionally, air-source heat pumps (ASHPs) have been used more often in warmer climates; however, some new ASHPs are gaining ground in colder areas. These systems operate at subzero (Fahrenheit) temperatures and many do not include backup electric resistance elements. There are still uncertainties, however, about capacity and efficiency in cold weather. Also, questions such as "how cold is too cold?" do not have clear answers. These uncertainties could lead to skepticism among homeowners; poor energy savings estimates; suboptimal system selection by heating, ventilating, and air-conditioning contractors; and inconsistent energy modeling.
In an effort to better understand and characterize the heating performance of these units in cold climates, the U.S. Department of Energy Building America team, Consortium for Advanced Residential Buildings (CARB), monitored seven inverter-driven, ductless ASHPs across the Northeast. Operating data were collected for three Mitsubishi FE18 units, three Mitsubishi FE12 units, and one Fujitsu 15RLS2 unit. The intent of this research was to assess heat output, electricity consumption, and coefficients of performance (COPs) at various temperatures and load conditions. This assessment was accomplished with long-and short-term tests that measured power consumption; supply, return, and outdoor air temperatures; and airflow through the indoor fan coil.
Airflow measurements made use of a large, fan-assisted flow hood over the supply of each ductless heat pump. A large plenum (typically a cube of approximately 3 or 4 ft) was constructed from rigid foam. This plenum was kept at zero pressure (with respect to the room) with a variable-speed Duct Blaster fan. Airflow rate was measured using this same fan. The measured flow rates were much lower than expected-typically 50%-80% of rates listed by manufacturers. Table 1 shows a summary of monthly COPs observed at each site. Researchers observed a wide range of operating efficiencies and outputs at the various sites. Generally, maximum capacities were in line with manufacturers' claims at low temperatures (0°F or lower). All of the systems monitored were split DHPs. Each system consists of a single outdoor unit (containing the compressor and outdoor heat exchanger) and an indoor fan coil. Refrigerant piping and wiring run between the two main components. Each system has its own control system (typically with a handheld remote interface) that is separate from the controls of other heating systems in the home.
In total, CARB examined 10 DHPs for this study. Table 2 shows each of the test site locations, the heat pump manufacturer and model, and notes about each location. Most of this research was completed through a partnership with Efficiency Vermont. Initially, 10 sites were fitted with monitoring equipment and underwent airflow testing. Three of the Vermont sites (3, 6, and 7) did not provide usable data because of problems with the monitoring equipment. From November 2009 through March 2011, Connecticut Light & Power researchers monitored the performance of a Fujitsu AOU9RLQ in a 550-square foot (ft 2 ) apartment in Middletown, Connecticut. Average heat pump COP was estimated to be 2.9 using coheating tests (i.e., alternating between electric resistance and DHP operation). It is important to note that there were some periods during this test where the heat pump was unable to meet the entire load (Bugbee and Swift 2013) .
In a study that took place from 2009-2011, CARB investigated the performance of a twocompressor, low-temperature ASHP (the Acadia made by Hallowell Industries) installed in New Haven, Connecticut. Seasonal COPs were 3.29 during winter 2009-2010 and 2.68 during winter 2010-2011. Aside from a few maintenance setbacks, the equipment operated effectively in cold temperatures and mostly aligned with listed performance from the manufacturer at the observed outdoor temperatures (12°-47°F). This particular technology differs from inverter-driven, variable-speed ASHPs on the market now, and it is no longer manufactured (Johnson 2013 ).
In 2009, KEMA, Inc. evaluated DHP pilot programs for Massachusetts and Connecticut utilities (KEMA 2009). The study documented savings when DHPs were installed in homes to offset electric resistance heating. In 124 Connecticut homes, average annual energy reductions were approximately 2,700 kilowatt-hours per year (kWh/year) (this may have included some increase in cooling energy). There was also a very high variability in savings from nearly 12,000 kWh/year to a net increase of more than 4,000 kWh/year.
Research and Experimental Method
Research Questions
This study was intended to address the following research questions as they relate to homes in climate zones 5 and 6:
• What heating output, electricity use, and COP, do the ASHPs deliver in the field? How do these vary with outdoor temperatures and loads?
• How does cycling affect efficiency during mild outdoor conditions?
• How do varying thermostat set points affect efficiency (e.g., frequent setup and setback may lead to higher operating speeds and lower efficiencies)?
• What level of savings can be expected over other fuels?
Measurements and Instruments
The test and evaluation methods were based on the National Renewable Energy Laboratory's (NREL) report, Field Monitoring Protocol: Mini-Split Heat Pumps (Christensen et al. 2011 ).
The monitoring setup involved fitting sensors and data acquisition systems on several heat pumps in homes across the Northeast. Table 4 lists the measurements and equipment used at each of the 10 test sites. Power measurements were made with Powerhouse Dynamics' eMonitor system. The eMonitor was installed in the electric panel. The eMonitor gateway was located near the panel and communicated through the home's network.
Temperature sensors were installed at both the supply and return grilles on the indoor fan coils. Figure 1 shows the location of the installed sensors. Supply sensors were attached behind the supply louvers against the fan guard. In order to correct for varying supply air temperatures, three measurements were taken and averaged across the horizontal length of the supply stream. The return temperature and relative humidity sensor was simply mounted on top of the indoor unit near the center of the return grille. The entering airstream was assumed to be well mixed. A single measurement was used here.
A current transducer was installed in each fan coil to measure electrical current; this current measurement was used to assess system flow rate (this is described in more detail in Section 2.3). The temperature and humidity sensors and current transducer were attached to a PowerWise inDAC that communicated wirelessly to the eMonitor gateway. Sensor measurements were made at 1-second intervals and data were stored every minute as sums or averages (as appropriate). At Sites 1 and 2, CARB installed all instrumentation. At Sites 3-10, Efficiency Vermont installed the monitoring systems. CARB visited all 10 sites to perform airflow testing and current/flow calibration.
Flow Testing
The airflow testing procedure used on the indoor fan coils was based on the procedure published by NREL (Christensen et al. 2011) . In principle, the test consists of the following steps:
1. Construct a sealed hood or plenum around the fan coil supply.
2. Install static pressure probe(s) within this plenum.
Attach a variable speed fan with integral flow measurement (in this case a Minneapolis
Duct Blaster) to the plenum.
4. Turn on the heat pump while controlling the duct blaster to maintain zero static pressure within the plenum.
5. Measure airflow through the duct blaster (which is equal to flow through the fan coil).
The premise is that the fan-assisted flow hood does not add any pressure or restriction to airflow; it is meant to simulate the fan coil blowing into the room without any obstructions.
In practice, there were many iterations of the flow testing procedure. The homeowner at Site 1 (who worked in the energy efficiency field and was very interested in results) allowed CARB to visit his home five times to adjust and refine the procedure. The various methods included using a plastic bag plenum (Figure 2 ), building a plenum on the return rather than on the supply (Figure 3) , and using hot wire and vane anemometers to measure velocity at the return grille. CARB revisited this procedure several times because measured flow rates were significantly lower than those listed by manufacturers and published in laboratory tests (Winkler 2011) . To improve the procedure and to try to account for these discrepancies, researchers contacted other building scientists at NREL, Ecotope, Florida Solar Energy Center, The Energy Conservatory, and others. These experts provided valuable feedback and suggestions. CARB also contacted engineers at Mitsubishi Electric, and a Mitsubishi engineer visited Site 1 with CARB on the last round of flow testing at that site. The final procedure for flow measurement follows:
1. Turn off the heat pump.
2. Inspect the filters and clean them if necessary. Shake dry as much as possible.
3. Install a tube under the filter (between the filter and the coil) to measure return static pressure.
4. In normal operation, run the heat pump at each fan speed and louver position. Record:
o Return static pressure o Fan coil current (as described above).
5. Tape the edges of the filter access flap and any other return leakage pathways.
6. Construct a large rigid plenum (1/2-inch (in.) rigid foam board and masking tape were the most convenient materials) to go over the fan coil supply. Plenums were generally 3-ft or 4-ft cubes, though geometry varied with site constraints. Leave the return grille open to the room.
7. Put the plenum in place and support with ladders, etc.
8. Tape all edges where the plenum meets the wall and the fan coil.
9. Cut a small viewing pane in the plenum and cover with clear tape (to see louver positions and for remote control). The final test configuration is shown in Figure 4 and Figure 5 . Using air temperature and site elevation, flow rates were converted to standard cubic feet per minute (SCFM) at air density of 0.075 cubic foot (lbm/ft 3 ). Flow rates were then plotted against current at each fan speed as shown in Figure 6 . Figure 6 shows that various louver positions led to very different flow rates. Also, flow rates were significantly lower than rates published by the manufacturer (approximately 50%-80% of published flow rates). This was concerning, because CARB could find no precedent for similar results in published studies. This discrepancy led to the following tests:
Return Bypasses. As described in the Results section, there was sometimes potential for air to leak from the constructed supply plenum back into the DHP's return air pathway. When this bypass was identified and sealed, measured flow rates in FE18 systems were slightly higher (though there was no effect in other models tested). To check for the presence of other return air bypasses, CARB constructed the supply plenums 2 in. from the wall and sealed the plenum to the bottom of the fan coil. The purpose was to mitigate the potential for return leakage from behind the fan coil; however, measured flow rates were identical to those from tests where the plenum was attached directly to the wall.
Location of Pressure Sensors.
The final test procedure included measuring average supply static pressure at the center of each face of the cubic supply plenum. This static pressure was controlled to be equal to the pressure in the room. CARB experimented with moving these sensors within the plenum-including directly in the air stream from the fan coil-but there were no measurable pressure differences within the plenum.
Return Static Pressure. As described above, the ultimate test method involved measuring return static pressures at each fan speed and louver position both with and without the plenum attached. Return static pressures ranged from approximately 3 Pascals (Pa) at low speed to 11 Pa at high fan speed. Differences in pressure with and without the plenum were very small. The average absolute difference at all sites was less than 0.5 Pa; the largest difference observed was 1.5 Pa at high speed. There was not a consistent direction in the difference, i.e., sometimes return static pressures were higher with the plenum and sometimes they were higher without the plenum. Steven Winters Associates' conclusion from this was that the fan-assisted flow plenum was not significantly affecting the normal flow characteristics of the fan coil.
Return Velocity. At several sites, CARB measured air velocity at the face of the return grilles with hot wire or vane anemometers. The purpose here was similar to the return static pressure tests: assess differences in velocity between normal operation and with the flow hood attached. Velocity differences were negligible; the differences were much smaller than the listed accuracy of the anemometers.
Calculations
Heat output of the heat pump was calculated using:
where:
Q̇ is the rate at which the heat pump supplies heat to the building in British thermal unit per hour (Btu/h) c p is the heat capacity of air as a function of temperature in Btu/lbm°F 9 ∆T is the temperature difference between heat pumps supply and return air in °F Uncertainty in heat delivered was calculated using the root sum of the squares of the relative uncertainties shown in Table 4 . Mainly because of the uncertainty associated with the fan coil current transducer used as a proxy for airflow, the typical uncertainty in rate of heat delivered was approximately ±20%.
The COP was calculated as heat output over electricity consumption for a given period as follows (2) where:
Q is the heat output over a given period in Btu E is the electrical energy consumed over the same period in kWh Again, primarily because of the accuracy limitations associated with current and flow measurement, ±21% uncertainty in COP calculations was typical.
ṁ is mass flow rate of air in lbm/hr. For long term monitoring, this was determined from fan current draw using a fan power flow curve. Mass flow was calculated as product of density ( ) lbm/ft 3 in and volumetric flow rate in ft 3 /min.
Results
Airflow
CARB examined three models of DHPs: Mitsubishi FE18, Mitsubishi FE12, and Fujitsu 15RLS2. Results of flow testing for each of these units are outlined below.
Mitsubishi FE18
The most prevalent heat pump model in the study was the Mitsubishi FE18. Initially, CARB tested each unit with the rigid plenum supply method. Flow rates measured were consistent with each other but well below the published values. In an effort to understand this discrepancy, CARB discussed this with other researchers, equipment manufacturers, and Mitsubishi engineers. As part of the troubleshooting effort, CARB repeated the flow measurement test with help from a Mitsubishi engineer at Site 1. During this test, a return leakage pathway was discovered through the filter cover. When the plenum was installed, it was possible for air inside the plenum to be drawn into the seam of the filter flap. By repeating the flow test with this pathway taped off (Figure 7 ), measured flow rates increased slightly. Flow results from the Mitsubishi FE18s at various fan speeds and louver positions are shown in Figure 8 . At Site 1 (where the return leakage pathway was taped during testing) flow rates are slightly higher than at other sites. CARB does not believe that taping this leakage pathway affected "normal" airflow rates through the fan coil for two reasons:
• The area of the bypass is extremely small compared to the return grille
• CARB measured no difference in return static pressure (measured beneath the filter) with and without the return pathway taped.
This bypass was discovered after flow testing was completed for all other sites. As it was not feasible to retest all sites, CARB had to assume that flow rates through all FE18 units were similar to flow rates at Site 1. Current-flow correlations at each site used site-specific current measurements with flow rates from Site 1. This is certainly not ideal, but as measured flow rates in all systems with the bypass were very similar to each other, it is assumed that these similarities would remain when the leakage pathway had been taped. 
Mitsubishi FE12
CARB originally tested each FE12 unit with the rigid foam plenum supply method. After learning of the leakage pathway in the FE 18 model, CARB visited the FE12 at Site 2. After taping the filter slot, flow values were unchanged, indicating that the FE12 does not contain this return leakage pathway. Again, maximum field-measured flow rates were approximately 75% of the listed flow rates. The flow rates found from FE12 units are shown in Figure 9 .
Fujitsu 15RLS2
One heat pump tested was a Fujitsu 15RLS2. An image of the unit while operating is shown in Figure 10 ; note the front face is elevated during operation. The flow measurement process differed slightly from the process for Mitsubishi units. The mechanics and geometry of this unit complicated mounting of the supply plenum. CARB could not attach the plenum until the fan coil was operating (and therefore open). All visible leakage points were taped; however, the complex geometry made leaks and/or bypasses more difficult to identify. For this unit, airflow was measured at five speeds only; flow rates at different louver positions were not measured. Unlike the Mitsubishi controller, the Fujitsu controller did not display louver position. As a result, once the rigid plenum was placed over the unit, it was difficult to assess which louver position was active. The homeowners indicated that they always left the louver in the lowest position, so CARB measured flow rates at this position. The flow rates measured are shown in Figure 11 . 
Measured COPs
COPs varied widely from site to site. Table 5 displays a study-wide summary of monthly COPs for each of the sites monitored and overall COP for the entire monitoring period. As Table 5 indicates, there were issues with collecting data at many sites. There were no useful data available from Site 3 (faulty temperature sensor), Site 6 (missing return temperature data), and Site 7 (missing current data). Site 2 was a new home; it was not occupied until January 2014. It is unclear why there was so much missing data from Sites 5-10. Efficiency Vermont installed the PowerWise monitoring systems late in 2013, but data were only available for the later part of the winter and early spring. Figure 12 through Figure 18 illustrate daily COPs versus outdoor dry bulb (ODB) temperatures for each site. Ideally, outdoor wet bulb temperature would have been used for this comparison to account for effects that humidity has on the outdoor coils' performance. Unfortunately, the monitoring package did not provide relative humidity from the local weather station. As temperature is the primary influence of performance, the general trend can still be observed. 
Coefficient of Performance versus Outdoor Air Temperature
Heating Capacity
For Mitsubishi heat pumps, the manufacturer listed heating capacities at two compressor speeds: intermediate and maximum. These are steady-state capacities (i.e., no cycling or defrost) and are published for an indoor dry bulb temperature of 70°F. Comparing heat output measured in the field under varying conditions to steady-state capacity values is somewhat problematic; however, it is still an informative comparison. In Figure 19 and Figure 20 , each point represents 1 hour of measured data. Heat delivered by the heat pump during each hour is plotted versus the average outdoor air temperature at that same hour. The heat pump was not necessarily operating continuously during each hour and was subject to changing thermostat set points, varying return air temperatures, defrost cycles, etc. The red line traces the maximum heat output observed at each outdoor air temperature. For reference, lines showing the published heat pump capacities at maximum and intermediate compressor speeds are shown on the same charts. Site 4 had one of the most efficient heat pumps monitored; it was the primary heating source in the home. The heat pump was seen to supply 15 kBtu/h even at -15°F. Below this temperature, output seems to drop sharply. This heat pump appears to match fairly well to the load as the heat pump often runs near full capacity. At temperatures above 30°F, the load drops substantially below the maximum listed capacity. By contrast, the system at Site 1 had a relatively poor seasonal COP (1.6) and delivered much less heat to the home. The heat pump at this site was also a Mitsubishi FE18, but it was used as supplemental heating to a hydronic system with an oil boiler. While it is not possible to explain these differences in efficiency and capacity entirely, CARB suspects the key causes for the differences are as follows:
• Higher return air temperatures at Site 1. At Site 4, return air temperatures averaged 71°F in January. At site 1, the average return air temperature was 75°F in January (COP at Site 1 was especially poor in January; see Table 5 ).
• At Site 1, the homeowner had the fan speed set to "low" during the entire winter. Lower fan speed can obviously limit heat output, and therefore has the potential to reduce efficiency. If the compressor runs at higher speeds to meet a significant heat load but the low fan speed limits heat output, this could result in lower efficiency.
• At Site 1, the heat pump was programmed to "set back" during the day and night. This reduced electricity consumption, but during recovery (at higher compressor speeds), the heat pump was noticeably less efficient.
These issues are revisited in the Discussion section.
Figure 21 displays heat output seen during the month of February at Site 2 (FE12). At first glance, it may appear that this heat pump is underperforming, but this home was built to Passive House standards and used the heat pump as the only heat source. The home's design heating load was calculated at approximately 6,000 Btu/h, and comfortable indoor conditions were maintained all winter. The low output, therefore, seems to be a result of very low loads rather than of the heat pump not meeting listed capacities.
Figure 21. Hourly heat delivered versus outdoor air temperature at Site 2 during February
The heat outputs for the other sites are shown in Figure 22 through Figure 25 . Site 9 used a Mitsubishi FE12 for supplemental heating. It had the lowest overall COP of all sites monitored. As with Site 1, the homeowner only ran the unit in "low" fan speed. During March, outdoor temperatures still dipped down to -10°F; however, heat output of the system does not exceed 6 kBtu/h. CARB believes that part of the low capacity and poor performance is attributed to restrictions imposed by the "low" fan speed setting. 
Defrost
A data processing algorithm was developed to mine heat pump data for periods where the unit was operating in defrost mode. The team investigated several defrost identifiers before arriving at the chosen algorithm. The identifiers that were investigated included: drops in COP (high energy use with low heat output), ultra-low fan speed mode, changes in supply temperature, patterns in power use, and combinations of all of these. The method that produced the most consistent and accurate results involved searching data arrays for the following:
• Periods of steady operation (power consumption of at least 100 Watts [W] for 15 min; 100 W is well above standby power and indicates the compressor is operating)
• Followed by a drop of at least 300 W over 1 minute (heating mode stops and the compressor turns off)
• Followed by a power increase of at least 300 W (compressor turns on in reverse cycle)
• Followed by a drop of at least 300 W within 10 minutes (compressor stops; defrost mode ends)
• Followed by an increase of at least 300 W (heating mode begins again) without a significant drop in the next 5 minutes.
A time period at Site 4 with an average outdoor temperature of -9°F is shown in Figure 26 . During this 2.5-hour period, the unit enters defrost on three occasions. Supply temperatures dip down to about 80°F at the end of the defrost cycle. Figure 27 through Figure 33 show minutes in defrost (for each day) as a function of average outdoor temperature for each site. 
Homeowner Feedback
At the time of flow testing, CARB spoke with each of the homeowners to gauge comfort and overall satisfaction with the heat pump. Responses were generally very positive, but comments from homeowners (in Table 6 ) provided some insights into how the units were operated. Manually turns off during very cold weather. Sets back temperature during day (at work) and night (sleeping). During mild weather, is able to heat home for less than $1/day (unclear if this includes fuel oil).
Primary
Leaves on auto. Satisfied that DHP is able to heat entire home. As fan coil is mounted rather high, the temperature is set rather high (72°-74°F to keep temperature at 4 ft above floor at 68°F-70°F. 3 Supplemental Installed remote thermostat to prevent short cycling.
4
Primary
The unit is located in the basement. Occupants leave the vanes pointed up during winter.
5
Supplemental Saw a noticeable decrease in propane use after DHP was installed. 6 Supplemental Pleased with the system.
7
Supplemental Homeowner shut DHP off in late November; he didn't think it would work well during cold weather.
Supplemental
Very pleased with the system. The unit was mounted over the couch in living room. When the unit defrosted, it would dump uncomfortably cold air on people sitting on couch.
9
Supplemental Home is a second home used during weekdays. Owner uses the DHP but is not satisfied with the controls.
10
Supplemental Initially, the system was not working, but overall they are happy with the system.
Discussion
Indoor Airflow Rates
Measuring airflow without influencing the flow itself is a difficult task to carry out in the field. While based on sound principles and precedent, CARB's test method underwent numerous iterations before the process was finalized. CARB focused intently on the flow measurement technique because measured flow rates were only 50%-80% of manufacturers' published rates. Laboratory studies have found much closer agreement for the same models tested (Winkler 2011) , so CARB engineers were concerned that these field results were not accurate.
After many conversations with industry professionals and evaluating several different test methods, CARB believes the test results are indeed accurate. However, in the future, CARB would like to validate this method against more rigorous laboratory tests. With interest from a local fan manufacturer and a local ASHP representative, CARB began working to schedule this laboratory validation. Unfortunately, because of time and budget constraints, this effort stalled. CARB hopes to further pursue this lab verification test in order to strengthen validity of a flow measurement method that is suitable for use in DHP air-side energy calculations.
One airflow finding is irrefutable: the position of the adjustable louvers dramatically affects the airflow rate. Even under normal operating conditions (i.e., without the flow hood attached), CARB measured dramatic changes in return static pressure with different louver positions. Generally speaking, when louvers were in the furthest position downward, flows were lowest (near 50% of listed flow rates). The highest flow rates (near 80% of listed rates) were generally observed when louvers were pointed slightly below the horizontal. Fortunately, CARB was able to capture these flow changes by measuring changes in fan coil current. Dirty filters may reduce airflow rate in a similar manner. Figure 34 shows the filters at Site 4 when CARB performed flow testing (one half before cleaning, one half after). One concerning implication of these airflow findings is that there are some other evaluation efforts that assume that flow rates provided in manufacturer literature are valid in the field. It is certainly much simpler to monitor return temperature, supply temperature, and total power only. Monitoring flow rate certainly adds time and complexity to the monitoring effort, but CARB believes it is critical to accurately assess heat delivered by the system. Assuming literature flow rates are delivered in the field can lead to overestimating heat pump efficiencies.
Heat Pump Performance Criteria
The wide range in seasonal COPs is hard to explain with certainty, but the data highlight several factors that contribute to the variations.
Indoor Return Air Temperature
As return air temperature increases, heating capacity and efficiency of heat pumps decrease. This is clearly shown in manufacturer data; Figure 35 shows an example of this for a Mitsubishi FE18 heat pump (other manufacturers show very similar trends). In the systems monitored by CARB, average return air dry bulbs averaged slightly above 75°F (see Table 7 ). Return air temperatures above 80°F were not uncommon. Most of the heat pumps were mounted high up on walls (see Site 2 fan coil in Figure 36 ). Air temperatures near the ceiling will certainly be warmer than at other heights. To examine the potential of hot supply air short circuiting back to the return, CARB performed some simple tests with an infrared camera at two sites. Figure 37 shows that while direct short-circuiting does not appear to be occurring, there is potential for return temperatures to be higher when the heat pump is operating. While air temperatures elsewhere in the homes were not monitored, the room air temperatures during testing were in the 68°-70°F range-significantly lower than the typical return air temperatures measured. High return air temperature was not an issue that CARB had considered before this monitoring project. DHP fan coils are nearly always mounted high on walls for two ostensible reasons:
• They are above head height and out of the way of furniture, etc.
• Initially DHPs were used mostly for cooling where a high wall placement will improve performance.
While locating fan coils lower on walls may not be practical, return air temperature may be a good factor to consider when selecting and installing DHPs.
Defrost
While details of defrost control algorithms are not public, after discussions with manufacturers, CARB learned that a defrost cycle is initiated by the presence of a sufficiently cold coil temperature for a specific length of time. Defrost terminates once the coil warms to a certain temperature (which occurs very quickly if no frost is present on the coil). The number and duration of defrost cycles, therefore, is generally a function of outdoor air temperature, humidity, and heat pump output.
The location of the outdoor unit can also have some effect on defrost frequency. If a unit is installed where water or melting snow or ice can drip onto it, ice is very likely to form on the evaporator coil. The heat pump in Figure 38 was installed beneath a deck. Although out of direct weather, as snow and ice melted on the deck, water would drip down onto the heat pump and refreeze. CARB observed other instances where two (or more) heat pumps that were installed vertically had defrost problems. For example, when the upper heat pump in Figure 39 defrosted, water would drip onto the lower heat pump. When testing performance of the lower unit, CARB found the system entered defrost mode every 10 minutes. While defrost should certainly be minimized for best performance, CARB did not find that excessive defrosting dramatically impacted overall efficiency of any heat pump monitored. Table 8 shows seasonal COP values with and without defrost cycles included. These COP values were calculated by removing data during defrost cycles as discussed in Section 3.2.3 above. 
Thermostat Setback
In this study CARB did not assess setback strategies in detail, but several sites did use programmable thermostats to lower set points over the course of the day. Site 1 employed a setback strategy where set point was reduced from midnight to 6 a.m. and from 10:30 a.m. to 5 p.m. An example of data from this site is shown in Figure 40 . When the unit turned back on following a setback period, the compressor often operated at high speed to recover. While having the heat pump off during setback periods will certainly save energy, the unit operates with lower efficiency during recovery. In the period shown in Figure 41 , setback occurs from 12:40 a.m. to 6:20 a.m. Shortly after the unit begins to recover at 6:20 a.m., heat output spikes to 13,000 Btu/h and COP is 2.15. As the indoor temperature gets closer to set point, the unit modulates down to 6,500 Btu/h and COP levels off at 3.0. This demonstrates that recovery from setback certainly can lower the seasonal COP of the system. Nevertheless, there are likely electricity savings to be achieved from operating the unit infrequently (or at lower capacity) at night and during the day. It is unclear if the oil heating system in this home operated during setback periods. 
Fan Speed
Most heat pump models adjust fan speed automatically ("auto" mode) but also allow the user to select a fan speed manually. While CARB cannot monitor control settings, CARB was able to ascertain fan speed. It appears that all but two homeowners in this study left the fan on "auto"; Site 1 and Site 9 were the exceptions. These heat pumps remained in low fan speed for the entire monitoring period. As a result, the heat output remained low even though the unit delivered higher supply temperatures. Site 9 had the lowest overall COPs across the entire data set. CARB believes that the low fan speed at Site 1 was one of the key reasons the seasonal COP was much lower than the FE18 at Site 4 (which is in a slightly colder climate). As indicated in NREL's lab study, high compressor frequencies coupled with low fan speeds are known to significantly reduce COP (Christensen et al. 2011 ).
CARB believes this should be evaluated in more detail. If there are consistent findings showing that low fan speed settings can dramatically reduce capacity and efficiency, these limitations should be made clearer to contractors and users.
Cycling
Inverter-driven compressors can achieve high efficiencies because they have the ability to modulate output to match the heating load. However, when the load drops below the system's minimum capacity, cycling can occur. Cycling is known to have detrimental effects on the efficiency of these units (Christensen et al. 2011) .
At Site 2, a highly insulated Passive House that utilized the DHP as the only heating source, the DHP began to cycle when the outdoor temperature exceeded 40°F. This trend is clear in Figure  13 in the Results section; COP actually drops at higher temperatures when more cycling occurs. This home had a design load of 6 kBtu/h and a 1-ton system was installed (Mitsubishi FE12). Figure 42 displays the power consumption during one of these periods of modest loads (in April 2014). At these conditions (ODB = 55°F, indoor dry bulb = 72°F), the system's capacity was limited at approximately 5,000 Btu/h. These operating conditions translated to a COP of 1.41 for the day. 
Operating Costs Compared to Other Fuels
An important barrier to large-scale adoption of DHPs in cold climates lies in their operating costs compared to other heating options. Operating costs were calculated for the monitoring periods of the three sites with the largest data sets: 1, 2, and 4. A summary of the data used in this cost analysis is shown in Table 9 . Using electric energy consumption values from Table 9 , an operating cost comparison was generated for four heating methods: heat pump, electric resistance, oil, propane, and natural gas (calculated with 85% efficiency). These costs, which are based on average New England utility rates (Table 10) , are shown in Table 11 . For electric resistance, oil, and propane, values are displayed as the percentage increase over the heat pump's operating cost (to produce the same amount of heat that was measured from the heat pump). It is important to note that these are only costs for the monitoring period, not the entire heating season. Additionally, this analysis does not consider installation/equipment costs. This is a simplified analysis for academic purposes that neglects duct losses, additional fan and pump power, cycling and part-load effects of fuel systems, etc. For electric resistance, total system efficiency is assumed to be 100%, while combustion heating systems are analyzed with an overall efficiency of 85%. Table 11 suggests, for example, that using an 85%-efficient oil system at Site 1 would have cost approximately 10% more than using the heat pump. Table 12 shows an array of COPs where heat pump would have equivalent operating costs as various fossil fuel heating types: oil, propane, natural gas. This chart was assembled from average New England utility costs. This is an oversimplified analysis for reference purposes only. The numbers below are simply based on overall efficiency and do not include factors such as auxiliary electric use (for fans, pumps, etc.).
Based on results from this research, a majority of monitored units are performing at COPs that give them a lower operating cost than available from oil or propane. The heat pumps monitored would cost more to operate than natural gas systems. It is important to note that these COP switchover points will vary based on utility costs and climate. 
Further Testing and Evaluations
The results from this monitoring effort are enlightening, but CARB's key conclusion is that more investigation is needed. The results from this monitoring effort show a wide range of performance with many systems performing below expectations. More work is needed to better assess energy consumption and capacities of these systems in different climates and home configurations. CARB hopes to streamline this evaluation method and implement it across a wider range of systems and homes.
One other possible evaluation method is electric coheating. Coheating is a well-known method for characterizing a heat pump COP by comparing energy consumption to electric resistance at similar loads. Now that several months of heating performance data have been collected, CARB is pursuing a coheating test at Site 2 for the 2014-2015 heating season. This location allows for an ideal monitoring setup as it has very low loads (design load less than 6,000 Btu/h) and will require only one or two electric resistance heaters. The electric heaters chosen can be fanassisted and mounted in a similar orientation to the heat pump. While this is only a test of a single system, comparison of results from the two test methods may be enlightening and worth repeating.
Conclusions
Answers to the research questions addressed by this study are outlined below.
What heating output, electric use, and COP do these ASHPs deliver?
CARB observed overall COPs ranging from 1.1 to 2.3. Some systems were seen to deliver heat in line with maximum listed capacities; others did not. The likely reasons for poor lower capacities and efficiencies are addressed below.
It was only at Site 4 that the heat pump was consistently operated at maximum capacity. The heat pump was the only source of heat in this Vermont home, and it was seen to deliver 15,000 Btu/h at -15°F, very similar to the capacity provided by the manufacturer. At most other sites, heat pumps were operated as supplemental heat sources. In very cold conditions, auxiliary systems provided most (or in some cases all) of the heating.
Site 2 was a Passive House where the heat pump was the sole source of heat, but the 1-ton heat pump was oversized for the 6,000-Btu/h design load. The heat pump here was not seen to provide more than 5,000-6,000 Btu/h.
How do these vary with outdoor temperatures and loads?
All heat pumps were seen to provide useful heating at subzero (Fahrenheit) temperatures, but the capacity and efficiency varied significantly from site to site (even between sites with the same model heat pump). At Site 4, for instance, a Mitsubishi FE18 operated at COPs of 1.5-2.0 at outdoor temperatures of -10°F. The FE18 at Site 1, by contrast, operated at COPs of 1.0-1.2 at outdoor temperatures between 0°F and 5°F.
The key reasons for these differences are: likely higher return air temperatures at Site 1, the fan speed at Site 1 was manually set at low speed (limiting capacity and efficiency), and use of a frequent setback control strategy.
How does cycling affect efficiency during mild outdoor conditions?
At Site 2, where the heat pump was oversized for the very small load, the heat pump cycled often. Daily COP peaked when average outdoor air temperatures were near 40°F. At average daily temperatures higher and lower than 40°F, COPs drop. When the unit was able to modulate without cycling at outdoor air temperatures of 40°F, it was common to see daily COPs near 2.5. When average outdoor air temperature rose above 50°F, frequent cycling resulted in COPs near 1.5.
How do varying thermostat set points affect efficiency (e.g., frequent setup and setback may lead to higher operating speeds and lower efficiencies)?
Site 1 was the only site where a rigorous setback strategy was applied. At Site 1, it was common to see a spike in energy consumption (and drop in COP) when the heat pump was recovering from setback. It is believed the setback strategy still reduced electricity consumption, but frequent recovery did result in lower overall COPs.
What level of savings can be expected over other fuels?
While the measured COPs of systems in this study are lower than those of other studies, most of the systems still provided operating cost savings over oil, propane, or electric resistance heating. Table 13 shows operating cost increases that could be expected (compared to the ASHP) at the three sites with the most complete data. None of the ASHPs monitored would have provided operating cost savings over an efficient natural gas heating system. 
